Klorofil Floresen dari Spesies C3 dan C4 dalam Responnya terhadap Cekaman Kekeringan by Hamim, Hamim
Biota Vol. X (3): 161-169, Oktober 2005 
ISSN 0853-8670 
Chlorophyll Fluorescence of C3 and C4 Species in Response to Drought 
Stress 
Klorofil Floresen dari Spesies C3 dan C4 dalam Responnya terhadap Cekaman 
Kekeringan 
Hamim 
Departemen Biologi, Fakultas Matematika dan Ilmu Pengetahuan Alam, Institut Pertanian Bogor 
Jalan Raya Pajajaran, Bogor 16144.  Phone/Fax: (0251) 346 390   Email: hamim@ipb.ac.id 
Abstrak 
Klorofil floresen fotosintesis dari dua spesies C3 (gandum dan kale) dan dua spesies 
C4 (Echinochloa cursgallii dan Amaranthus caudatus) dianalisis dalam responnya 
terhadap cekaman kekeringan di rumah kaca. Tumbuhan ditanam dalam pot 
berdiameter 15 cm selama sebulan kemudian diberi perlakuan kekeringan dengan 
penundaan penyiraman hingga tumbuhan layu. Kuantum efisiensi maksimum dari 
sistem cahaya II fotosintesis (Fv/Fm), quenching foto kimia (qP) dan non-fotokimia 
(qN) dianalisis untuk mengetahui keadaan fotosintesis tumbuhan selama cekaman 
kekeringan. Walaupun tidak ada pola yang jelas dalam hal status air dari spesies C3 
dan C4, cekaman kekeringan yang diberikan menyebabkan penurunan kadar air 
medium (MWC), potensial air (WP) dan potensial osmotik (OP) semua spesies.  
Gandum mamiliki nilai WP dan OP yang paling rendah sementara E. crusgallii 
memiliki nilai yang paling tinggi akibat cekaman kekeringan. Kekeringan 
menyebabkan penurunan laju fotosintesis pada semua spesies yang ditandai dengan 
penurunan qP, namun hanya kale dan A. caudatus yang mengalami peningkatan qN 
akibat cekaman kekeringan. Tetap stabilnya qP dari E. crusgallii pada awal 
cekaman mungkin berkaitan dengan mekanisme C4 yang dimiliki oleh spesies ini.  
Penurunan Fv/Fm pada E. crusgallii pada periode akhir cekaman menunjukkan 
bahwa spesies ini mengalami fotoinhibisi disebabkan cekaman kekeringan. 
Kata kunci : Cekaman kekeringan, Klorofil Floresen, Spesies C3 and C4 
Diterima : 16 Februari 2005, disetujui : 30 Mei 2005 
 
Introduction 
Light is a critical factor for 
photosynthesis which determines ATP and 
NADPH production and therefore organic 
compounds (sugar) (Morishige and Dreyfuss, 
1998). When some unit of light energy 
(photon) drive the electron transport in two 
photosystems of thylakoid membrane, the 
chemical energy (ATP and NADPH) will be 
created; a mechanism called as “light reaction”.  
The ATP and NADPH then will be used to 
drive carbon dioxide reduction in the process 
known as “dark reaction” or Calvin cycle (Taiz 
and Zeiger, 2002). During favorable 
conditions, the relationship between these two 
reactions will be steady. However, under 
adverse conditions, such as drought stress, the 
relationship becomes imbalance, because ATP 
and NADPH demand decreases due to stomatal 
closure which limits CO2 supply for Calvin 
cycle. If this is happened, the plant may 
undergo excess energy and consequently can 
result in photoinhibition and photodamage 
(Baker, 1993). 
Chlorophyll fluorescence is a tool that 
has frequently been used to analyse 
photosynthesis of the plant in response to 
environmental stress (Hamim, 2004). This 
measurement provides data that indicate the 
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effects of environmental factor such as drought 
stress on the state of Photosystem II (PSII) in 
using the energy absorbed by chlorophyll and 
the extent to which it is damaged by excess 
energy (Maxwell and Johnson 2000). There are 
many examples of experiment using 
chlorophyll fluorescence which analysed 
response of the plant to their environment such 
as in Phillyrea latifolia, Pistacia lentiscus and 
Quercus ilex saplings (Filella et al., 1998), 
tomato (Haupt-Herting and Fock 2000), wheat 
(Lu and Zhang 2000) and C4 grass Eragrostis 
curvula (Colom and Vazzana 2003).    
Some indication of chlorophyll 
fluorescence in response to drought stress has 
been reported such as decrease of 
photochemical (qP) and an increase in non-
photochemical fluorescence quenching (qN) 
(Haupt-Herting and Fock 2000). Medrano et 
al., (2002) have reported that drought stress 
leads to increased trans thylakoid pH 
followed by xanthophylls de-epoxidation 
which result in an increase of non-
photochemical quenching (qN) through heat 
dissipation. The mechanism that is known as 
photosynthetic down regulation may protect 
the plant from photosynthetic- apparatus 
damage. 
It has been postulated that the maximum 
efficiency of PSII determined in dark adapted 
plants (Fv/Fm) is usually not affected due to 
drought stress suggesting the resistance of 
photosynthetic apparatus to drought stress 
(Cornic 2000). However, a few experiments 
have observed a decrease of Fv/Fm due to 
severe drought stress such as in Quercus ilex 
(Scarascia-Mugnozza et al., 1996), Leucaena 
leucocephala (Liang et al., 1997), an epiphytic 
orchid (Stancato et al., 2001) and in the C4 
grasses, Eragrostis curvula (Colom and 
Vazzana 2003). These conflicting reports may 
be due to differences in drought severity and 
plant sensitivity to photoinhibition (Hamim, 
2004). Under severe drought damage may 
occur in PSI and PSII, even though under mild 
drought PSII photochemistry may be not 
affected (Genty et al., 1987).   
In this experiment chlorophyll 
fluorescence of two C3 (wheat and kale) and 
two C4 species (Echinochloa crusgallii and 
Amaranthus caudatus) in response to drought 
stress were examined in the glasshouse. These 
two types of species are compared because the 
different characteristic and response of them to 
drought stress. Some experiment suggested that 
photosynthesis of C4 species is less affected 
than that of C3 species under mild drought 
(Long, 1999; Hamim, 2003). However, the 
different response of chlorophyll fluorescence 
of these two types species to drought stress is 
still rarely analyzed.  
Materials and Methods 
The experiment was performed in John 
Tabor Laboratory, University of Essex, 
Colchester, UK from March – September 2002.  
In this experiment, two C3 (spring wheat 
[Triticum aestivum var. IMP] and kale 
[Brassica oleraceae L. var. Kestrel]) and two 
C4 species (Echinochloa crusgallii and 
Amaranthus caudatus) were used. Wheat and 
E. crusgallii represented monocotyledonous 
species, while kale and A. caudatus represented 
dicotyledonous species. 
The seeds were sown in a cabinet using a 
mixed medium of compost and perlite (1:1 v/v) 
until germination and then transferred to 15 cm 
(D) pots in the glasshouse. The pots were 
placed on benches with additional light (high 
pressure sodium vapour 400 W, Thorn, UK) 
upon the top of each bench to provide the 
minimum light intensity of 150 mol m-2s-1 at 
the pot level (the maximum was 750 mol m-
2s-1 near the light) and to increase day length 
during winter season. The day length was set to 
14 hours per day from 06:00 to 20:00. The 
minimum temperature was approximately 10oC 
at night and maximum temperature was 25oC 
during the summer on a sunny midday. 
  Each species was divided into two 
groups, one droughted and the other the well-
watered control. Plants were watered daily and 
fertilized by Hoagland solution twice a week; 
on the first occasion the fertilizer was given at 
half strength followed by the full strength 
solution for all the remaining times. Three 
weeks after planting, the drought was given by 
withholding water until the plants severely 
wilted, whereas the control plants were watered 
daily.   
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Water status measurement 
Plant water status was analyzed by 
measuring medium water content, leaf relative 
water content, leaf water potential and leaf 
osmotic potential at two or three day intervals 
during the drought period and two days after 
rewatering. Medium water content was 
measured on a fresh weight basis by drying the 
medium samples in the 80oC oven for three 
days. The samples were taken randomly from 
three locations at 3-10 cm depth with 
approximately 20-30 g per sample. 
Leaf water potential was measured with 
pressure chamber (SKPM 1400, Skye 
Instruments Ltd, Powys, UK). The youngest 
fully expanded leaf was cut and loaded into the 
chamber and the pressure increased slowly 
until water and bubbles were observed on the 
cut xylem surface under a magnifying glass. 
Osmotic potential was estimated by a 
thermocouple psychrometer, (Tru-psy SC10X, 
Decagon Devices, Inc., Pullman, Washington) 
kept in a near constant temperature regime. To 
provide sample sap, the leaves were excised 
and put inside a fiber-glass tube and 
immediumtely frozen by liquid nitrogen and 
kept in the -60oC freezer until required. To 
collect the sample sap, the frozen samples were 
firstly thawed at room temperature for 30 
minutes.  The samples were then put in a 
silicone rubber tube and hand pressed, and the 
sap was then collected in a small Eppendorf 
tube and immediumtely placed into a 
psychrometer cup.   Before the samples were 
added, the cups were placed in the 
psychrometer chamber to reach a temperature 
equilibrium for 25-35 minutes.  Then the 
samples were loaded into the cups and were 
equilibrated for 30 minute before taking the 
reading. 
Fluorescence Measurement 
To study the effect of drought on the 
efficiency of photosystem II, chlorophyll 
fluorescence from three samples of each 
species were measured with a modulated 
chlorophyll fluorimeter (PAM-2000, Heinz 
Walz GmbH, Germany). To determine the 
maximum quantum efficiency of PSII 
photochemistry (Fv/Fm), chlorophyll 
fluorescence was measured after 20-25 minutes 
of dark adaptation during the day. The steady 
state chlorophyll fluorescence was measured in 
saturated light with PAR of 650 mol m-2 s-1 to 
determine Fo, Fm’, Fv’, Fτ and Fo’ from which 
the quantum yield of PSII photochemistry, 
Fq’/Fm’, the photochemical yield of open PSII 
centres, Fv’/Fm’, and the photochemical 
quenching (qP) and non-photochemical 
fluorescence quenching coefficient (qN) could 
be calculated (Genty et al., 1989).   
Results and Discussion 
Plant water status during the drought 
and after re-watering 
The drought treatment reduced medium 
water content (MWC) of all droughted plants 
to less than 25 %, while the MWC of control 
plants was maintained at approximately 55-70 
% by daily watering (Figure 1). Wheat and E. 
crusgallii were wilted after nine days of 
drought, while A. caudatus and kale were 
wilted after six and eight days. All species had 
recovered well two days after rewatering 
except E. crusgallii where some leaves became 
necrotic and were damaged during the drought 
and consequently did not recover. 
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  Figure 1. Medium water content (MWC) of wheat (Wh), kale (Kl), 
E. crusgallii (Ec) and A. caudatus (Am) under well watered 
(control) and at the last stage of drought cycle (stress) 
 
The reduction of medium water content 
in the drought treatment caused a decrease in 
leaf water content, leaf water potential (WP) 
and osmotic potential (OP) of all species 
(Figures 2 and 3). Even though all species were 
wilted at the last stage of the drought cycle, 
wheat had the lowest OP and WP (-3.0 and -3.5 
MPa) followed by kale and A. caudatus (-1.7 
and -2.0 MPa), while E. crusgallii had the 
highest values (-1.2 and -1.4 MPa).  The lower 
value of WP than of OP at the last stage of the 
drought cycle indicated that turgor pressure of 
all species at that time was zero, which resulted 
in plant wilting (Figures 2 and 3; Frensch, 
1997).
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 2.  Water potential (WP) of wheat, kale, E. crusgallii and A. caudatus 
during drought stress and recovery. (The arrow indicates the time of 
rewatering) 
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Figures 2 and 3 indicate that the plants 
tend to maintain its turgor by reduce osmotic 
potential lower than water potential, because 
turgor is very important to sustain metabolic 
processes (Clifford et al., 1998). Some times, 
this process involves active accumulation of 
ionic compounds or organic compounds known 
as osmotic adjustment (Morgan, 1984; Kramer 
and Boyer, 1995; Zhang et al., 1999).  
However, under severe drought, when WP 
decreases to the value lower than OP, the 
plants will be wilted. In this experiment, at the 
last cycle of the drought treatment, the plants 
underwent stress due to severe drought 
indicated by leaf wilting started from the 
morning (Figures 2 and 3). Meanwhile, the 
plants was still alive and recovered well two 
days after re-watering.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Figure 3.  Osmotic potential (OP) of wheat, kale, E. crusgallii and A. caudatus during 
drought stress and recovery.  (The arrow indicates the time of rewatering) 
 
Even though there was no special pattern 
of C3 and C4 in term of water status during the 
drought, the monocot C4 species (E. crusgallii) 
tends to maintain higher WP and OP. This 
phenomenon may be related to the character of 
C4 species which have lower stomatal 
conductance than C3 species (Long, 1999). In 
addition, E crusgalli is a species adapted to 
condition with higher water (flooding) because 
the original habitat of this species is a wet and 
it may not tolerate a lower WP. This species is 
one of the major weeds in wet rice cultivation 
and has been considered a waterlogging 
tolerant species (McDonald et al., 2001). 
Chlorophyll fluorescence measurements 
An analysis of chlorophyll fluorescence 
was conducted to determine the maximum 
quantum yield of PSII photochemistry 
(Fv/Fm), photochemical fluorescence 
quenching (qP) and non-photochemical 
fluorescence quenching of photosynthesis (qN) 
(Genty et al., 1987; Figure 4, 5 and 6).  This 
measurement was performed to analyse light 
utilization in photosystem II (PSII) of 
photosynthesis by comparing the light 
absorbed by chlorophyll, used for biochemical 
reaction, or re-emitted through heat dissipation 
(Ott et al., 1999). The Fv/Fm measured under 
dark adaptation be a sign of the potential 
quantum efficiency of PSII photosynthesis that 
indicates photosynthetic performance of the 
plant (Maxwell and Johnson, 2000). The qP is 
associated with the proportion of the light 
absorbed by PSII photosynthesis that is used in 
photochemical reaction, while qN is associated 
with the proportion of the light absorbed by 
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PSII that is dissipated as non-photochemical 
reaction usually as heat (Maxwell and Johnson, 
2000; Baker, 1993). 
The Fv/Fm of well watered plants after 
30 minutes dark adaptation varied slightly 
between species, and was between 0.77 to 0.82 
except in A. caudatus in which the Fv/Fm was 
approximately 0.70-0.75. Drought stress did 
not affect Fv/Fm of wheat, kale (C3) and A. 
caudatus (C4), but it reduced Fv/Fm of E. 
crusgallii significantly (Figure 4). The sustain 
of Fv/Fm of wheat, kale and A. caudatus in 
response to drought stress (Figure 4) 
suggesting that PSII fotosintesis is resistant to 
drought stress (Genty et al., 1987; Cornic et al., 
1989). In this experiment, decrease of Fv/Fm 
under severe drought stress in E. crusgallii 
indicates that metabolic limitation may reduce 
photosynthesis under severe drought in this 
species (Berkowitz, 1998) which results in 
photoinhibition. A different range of reduction 
of Fv/Fm under drought stress has also been 
reported in several species such as in Leucaena 
leucocephala which reduced only from 0.85 to 
0.83 when the WP dropped to - 2.5 MPa (Liang 
et al., 1997) and in Quercus ilex (Scaracia-
Mugnozza et al., 1996), in the C4 grass, 
Eragrostis curvula (Colom and Vazzana, 2003) 
or even in the CAM epiphytic orchid (Stancato 
et al., 2001) which reduced dramatically from 
approximately 0.7 to 0.4 respectively.      
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. The maximum quantum yield of PS II photochemistry (Fv/Fm) of 
wheat, kale, E. crusgallii and A. caudatus during the drought and 
recovery (The arrow indicates the time of rewatering) 
 
The photochemical quenching 
coefficient, qP reduced slightly during the 
experiment even in well watered plants (Figure 
5). Drought stress reduced qP of all species 
with maximum reduction at the last period of 
drought stress, and qP completely recovered 
after rewatering (Figure 5). Interestingly, in C3 
species the qP decreased progressively during 
the drought, while in C4 species (E. crusgallii) 
it only decreased at the last period of drought.  
This might be associated with the reduction of 
photosynthetic CO2 assimilation rate, Pn, of the 
C3 species which is more susceptible to 
drought stress than that of C4 species (Knapp 
and Medina, 1999) so that under mild drought 
Pn of C3 species is decreased while that of C4 
is still sustained (Long, 1999). 
Decrease of qP during the drought also 
suggests that drought caused photosynthetic 
down regulation of all species. The reduced Pn 
of C3 species under mild drought (six days 
drought) caused the plants to experience excess 
of energy, and photosynthetic down regulation 
is the consequence of energy dissipation to 
protect the plant from photoinhibition (Baker, 
1993). 
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    Figure 5. The photochemical fluorescence quenching coefficient (qP) of 
photosynthesis of wheat and kale, E. crusgallii and A. caudatus 
during drought stress and at recovery. (The arrow indicates the 
time of rewatering) 
 
An increase of non-photochemical 
quenching fluorescence, qN is one of the 
protective mechanisms to dissipate excessive 
energy through thermal dissipation (Baker, 
1993). However, in wheat and E. crusgallii 
there was no effect of stress on non-
photochemical fluorescence quenching, qN but 
there was a slight increase for kale and A. 
caudatus (Figure 6). Two days after rewatering 
the qN of kale and A. caudatus had recovered 
to the control level (Figure 6). In this 
experiment, only kale and A. caudatus showed 
an increased qN (Figure 6) perhaps caused by 
the leaf shape and orientation causing excess 
light. Wheat may not suffer excess light due to 
orientation and leaf rolling, or dissipate its 
energy through other mechanisms, such as 
photorespiration. Photorespiration and the 
Mehler reaction have also been suggested as 
mechanisms for energy dissipation (Asada, 
1999; Niyogi, 1999).   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. The non-photochemical fluorescence quenching (qN) of photo-
synthesis of wheat and kale, E. crusgallii and A. caudatus during 
drought stress and at recovery. (The arrow indicates the time of 
rewatering) 
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In contrast, in E. crusgallii, the decrease 
of Fv/Fm (Figure 4) may indicate that it 
experienced photoinhibition under severe 
drought stress, because the reduction of qP due 
to drought stress occurred without any increase 
in the qN (Figure 6). It means that excess 
energy as a consequence of decreased 
photochemical quenching was not dissipated 
safely through thermal dissipation. E. crusgallii 
is a C4 species, which have a lower 
photorespiration, even under drought stress 
(Knapp and Medina, 1999). Because 
photorespiration is one of another alternative 
for excess energy dissipation especially in C3 
species (Asada 1999; Niyogi 1999), the absent 
of photorespiration may have caused E. 
crusgallii undergo photoinhibition. 
Conclusion 
Drought decreased water potential (WP) 
and osmotic potential (OP) of all plant, with 
wheat had the lowest and E. crusgallii the 
highest. Drought stress caused photosynthetic 
down regulation in all species through decrease 
of photochemical (qP), but increase of non-
photochemical fluorescence quenching 
coefficient (qN) was only observed in kale and 
A. caudatus.  In E. crusgallii, severe drought 
stress caused a decrease in the maximum 
photochemical efficiency photosynthesis 
Fv/Fm suggesting that non-stomatal limitation 
of photosynthesis occurred in this species.  
Acknowlegments 
This research was funded by QUE-
Project of Department of Biology, Faculty of 
Mathematics and Natural Sciences, Bogor 
Agricultural University (IPB).  I would like to 
thank Dr. James I.L. Morison (Department of 
Biological Sciences, university of Essex, 
Colchester, United Kingdom) for his valuable 
advise and help. 
 
 
 
References 
Asada, K. 1999. The water-water cycle in chloroplasts: 
scavenging of active oxygen and dissipation 
of excess photons.  Annu. Rev. Plant Physiol. 
Plant Mol. Biol. 50:601-639.  
Baker, N.R. 1993. ‘Light-use efficiency and 
Photoinhibition of photosynthesis in plants 
under environmental stress’. In: Smith, J.A.C. 
and Griffiths, H. (Ed). Water Deficits: Plant 
Responses from cell to community. Oxford: 
Bios Scientific Publishers Limited.  p 221-
235. 
Berkowitz, G.A. 1998. Water and salt stress. In: 
Raghavendra, A.S. (ed.). Photosynthesis: A 
Comprehensive Treatise. Cambridge: 
Cambridge University Press. p 226-237.   
Clifford, S.C., Arndt, S.K., Corlett, J.E., Joshi, S., 
Sankhla, N., Popp, M. and Jones H.G. 1998.  
The role of solute accumulation, osmotic 
adjustment and changes in cell wall elasticity 
in drought tolerance in Zizipus mauritiana 
(Lamk.). J. Exp. Bot.  49:967-977. 
Colom, M.R. and Vazzana. C. 2003. Photosynthesis and 
PSII functionality of drought-resistant and 
drought-sensitive weeping lovegrass plants.  
Environ. Exp. Bot. 49:135-144. 
Cornic, G. 2000. Drought stress inhibits photosynthesis 
by decreasing stomatal aperture – not by 
affecting ATP synthesis. Trends Plant Sci.  
5:187-188. 
Cornic, G., Le Gouallec, J.L., Brantais, J.M. and Hodges, 
M. 1989. Effects of dehydration and high 
light on photosynthesis of two C3 plants 
(Phaseolus vulgaris L. and Elatostema repens 
(Lour.) Hall f.). Planta 177:84-90. 
Filella, I., Llusia, J., Pinol, J. and Penuelas, J. 1998. Leaf 
gas exchange and fluorescence of Phillyrea 
latifolia, Pistacia lentiscus and Quercus ilex 
saplings in severe drought and high 
temperature conditions. Environ. Exp. Bo.t 
39:213-220.  
Frensch, J. 1997. Primary response of root and leaf 
elongation to water deficits in the atmosphere 
and soil solution. J. Exp. Bot.  48:985-999.   
Genty, B., Briantais, J.M. and Viera da Silva, J.B. 1987.  
Effects of drought on primary processes of 
cotton leaves. Plant. Physiol.  83:360-364. 
Genty, B., Brantais, J.M. and Baker, N.R. 1989. The 
relationship between the quantum yield of 
photosynthesis electron transport and 
quenching of chlorophyll fluorescence.  
Biochem. Biophys. Acta. 990:87-92.  
 
Hamim 
Biota Vol. X (3), Oktober 2005                                                                                                                              169 
 
 
 
Hamim, 2003. Will the increasing atmospheric CO2 
concentration change the effect of drought on 
C3 and C4 species? [Ph.D. Thesis].  
University of Essex. Colchester. UK. 
Hamim, 2004. Underlying drought stress effects on plant: 
Inhibition of photosynthesis. Hayati. 11:164-
169. 
Haupt-Herting, S. and Fock, H.P. 2000. Exchange of 
oxygen and its role in energy dissipation 
during drought stress in tomato plants.  
Physiol. Plant.  110:489-495. 
Knapp, A.K. and Medina, E. 1999. Success of C4 
photosynthesis in the field: Lessons from 
communities dominated by C4 plants.  
Pp.251-283. In: Sage, R.F. and Monson, R.K.  
C4 Plant Biology. Academic Press. San 
Diego, London, Boston, New York, Sydney, 
Tokyo, Toronto. 
Kramer, P.J. and Boyer, J.S. 1995. Water Relations of 
Plants and Soils. London: Academic Press. 
Liang, J., Zhang, J. and Wong, M.H. 1997. Can stomatal 
closure caused by xylem ABA explain the 
inhibition of leaf photosynthesis under soil 
drying? Photosyn. Res. 51:149-159.  
Long, S.P. 1999. Environmental responses. Pp.215-249. 
In: Sage, R.F. and Monson, R.K. C4 Plant 
Biology. Academic Press. San Diego, London, 
Boston, New York, Sydney, Tokyo, Toronto. 
Lu, C. and Zhang, J. 2000. Photosynthetic CO2 
assimilation, chlorophyll fluorescence and 
photoinhibition as affected by nitrogen 
deficiency in maize plants. Plant Sci 151:135-
143. 
Maxwell, K. and Johnson, C.N. 2000. Chlorophyll 
fluorescence – a practical guide. J Exp Bot 
51:659-668. 
McDonald, M.P., Galwey, N.W. and Colmer, T.D. 2001. 
Waterlogging tolerance in the tribe Triticeae: 
the adventitious roots of Critesion marinum 
have a relatively high porosity and a barrier to 
radial oxygen loss. Plant, Cell Environ. 
24:585-596. 
Medrano, H., Escalona, J.M., Bota, J., Gulias, J. and 
Flexas, J.  2002. Regulation of photosynthesis 
of C3 plants in response to progressive 
drought: stomatal conductance as a reference 
parameter. Ann. Bot 89:895-905.   
Morgan, J.M. 1984. Osmoregulation and water stress in 
higher plants. Annu. Rev. Plant Physiol.  
35:299-319.   
Morishige, D.T. and Dreyfuss, B.W. 1998. Light-
harvesting complexes of higher plants.  In: 
Raghavendra A.S. (ed.). Photosynthesis: A 
Comprehensive Treatise. Cambridge: 
Cambridge University Press.  p 18-28. 
Niyogi, K.K. 1999. Photoprotection revisited: Genetic 
and molecular approaches. Ann Rev Plant 
Physiol Plant Mol Biol 50.333-359.   
Ott, T., Clarke, J., Birks, K. and Johnson, G. 1999.  
Regulation of the photosynthetic electron 
transport chain. Planta 209: 250-258. 
Scarascia-Mugnozza, G., De Angelis, P., Matteucci, G. 
and Valentini, R. 1996. Long-term exposure 
to elevated [CO2] in a nature Quercus ilex L. 
community: net photosynthesis and 
photochemical efficiency of PSII at different 
levels of water stress. Plant Cell Environ 
19:643-654. 
Stancato, G.C., Mazzafera, P. and Buckeridge, M.S.  
2001. Effect of a drought period on the 
mobilization of non-structural carbohydrates, 
photosynthetic efficiency and water status in 
an epiphytic orchid. Plant Physiol Biochem 
39:1009-1016. 
Taiz L. and Zeiger, E. 2002. Plant Physiology (3rd 
Edition). Massachusetts: Sinauer Associates, 
Inc. Publishers.  690p. 
Zhang, J., Nguyen, H.T. and Blum, A. 1999. Genetic 
analysis of osmotic adjustment in crop plants.  
J. Exp. Bot.  50:291-302. 
 
 
